AP sites are a threat to genomic stability because they result in the loss of DNA coding potential, block replication forks, promote mutagenesis and lead to DNA double-strand breaks [1] [2] [3] . Spontaneous depurination can generate >10,000 AP sites per cell per day 4, 5 . Therefore, the cell has developed potent mechanisms for handling AP sites during the process known as base excision repair (BER) 6, 7 . Classical BER is initiated by a damage-specific DNA glycosylase that removes the damaged base generating an AP site 8 . The phosphodiester bond 5′ to the AP site is then incised by an AP endonuclease (APE), whose major human form is APE1. Incision of the AP site results in a single-nucleotide DNA gap with 3′-hydroxyl and 5′-deoxyribose phosphate termini. This potentially cytotoxic BER intermediate is the substrate for downstream BER processing by DNA polymerase β (refs. 9,10).
processing. In our product structure, we identified a unique contact with R181 not appreciated previously. R181 has been observed to come within hydrogen-bonding distance of E154 in the DNA-bound enzyme and apoenzyme APE1 structures 11, 26 . In our product complex, R181 shifts 5.5 Å to come within hydrogen-bonding distance of a backbone phosphate upstream (5′) of the AP site (Fig. 2a) . In this conformer, side chain nitrogens of R181 are 2.7 and 2.8 Å away from a DNA-backbone nonbridging oxygen. These contacts are present only after product formation, as shown by an overlay with the apoenzyme and substrate complexes (Fig. 2a) , thus implying that R181 facilitates product binding by shifting to clamp down on product DNA after catalysis.
To probe the role of R181, we performed protein-DNA binding studies, using full-length wild-type or R181A mutant proteins and substrate or product DNA. We included hairpin oligonucleotides in the DNA to prevent end binding (Fig. 2b) and performed the substrate-DNA binding experiments with fluorescence anisotropy in the presence of 10 mM EDTA to prevent catalysis. Both wild-type and R181A APE1 exhibited a low-affinity nonspecific binding component and a high-affinity binding component. For the high-affinity component, both proteins bound to the substrate DNA with similar subnanomolar affinity (K d = 0.4 nM). In contrast, binding analysis with product DNA indicated the R181A mutant enzyme bound with approximately three-fold-weaker affinity than that of the wild-type enzyme (Fig. 2b) . 
To further probe the role of R181, we conducted kinetic measurements of AP-site incision on the same DNA substrate as in the binding studies. In these experiments, the reaction mixture contained an excess of substrate DNA. The biphasic time courses of product formation demonstrated that catalysis during the first enzymatic turnover was more rapid than in the subsequent steady-state phase for both R181A and wild-type enzymes, thus indicating that a step after chemistry limited enzyme cycling (i.e., product release). For wild-type enzyme, the observed rate constant of the burst phase was 36 s −1 and was followed by an apparent linear rate (v ss ) of 9 nM/s. With this analysis, the burst amplitude represented the apparent active enzyme concentration (11 nM) so that the steady-state rate (k ss = v ss /APE1 active ) was 0.8 s −1 . For the mutant enzyme, the observed rate constant of the burst phase was 14.2 s −1 and was followed by an apparent linear rate (v ss ) of 20 nM/s corresponding to a steady-state rate of 1.9 s −1 . Because the observed burst and steady-state rates for the mutant enzyme were not well separated (i.e., k burst /k ss < 10), we used them to calculate k incision and k off,product for the mutant enzyme, which were 11.9 and 2.3 s −1 , respectively (Online Methods). This represents a three-fold decrease in the incision rate and a three-fold increase in the product dissociation rate constant for the mutant enzyme ( Fig. 2c  and Supplementary Table 1) . Together, these binding and kinetic results indicate that R181 facilitates product DNA binding.
An essential aspect of the reaction mechanism is the flipping of the AP site into the active site, leaving an orphan base in the opposing strand (Fig. 1a) . R177 acts as a surrogate base by intercalating into the major groove, thus forming a base-stacking interaction (Fig. 3a) . Previously reported structures have shown R177 contacting only the backbone nonbridging oxygen of the AP site in both the product and substrate complexes 11 . Those putative interactions do not adequately account for the differential loss in substrate and product binding reported for the R177A mutant (7-and 500-fold decrease, respectively) 27, 28 . Instead, product-specific stabilization by R177 can be rationalized from our product structure. This structure indicates that R177 comes within hydrogen-bonding distance of the orphan base and a water molecule that can form a hydrogen bond to the backbone of the cleaved AP site (Fig. 3b) . These contacts are specific to product DNA, according to an overlay of the substrate and product complexes. The overlay indicates that R177 swings 2.0 Å toward the orphan base, and the AP-site backbone moves 1.2 Å away from R177 after cleavage (Fig. 3c) . Thus, R177 enhances product binding while only moderately affecting substrate binding.
High-resolution APE1-substrate complexes
The high enzyme concentrations and long incubations necessary for crystallographic studies render enzyme-substrate complexes difficult to trap. The robust incision rate of APE1 and minor reagent Mg 2+ contamination adds to this difficulty. To overcome these challenges and obtain a substrate complex structure, we used a modified DNA with 2′-O-methyl phosphorothioate backbone modification 5′ to the AP site. This modification contains a sulfur substitution for a nonbridging oxygen that reduces incision 16, 29 . The resulting substrate complex diffracted to 1.63 Å, a resolution substantially higher than that of a previously reported 3.0-Å substrate complex ( Table 1) . A difficulty in using the phosphorothioate substrate is the existence of two isomers, S p and R p . In the crystal structure, we observed both isomers in the active site with equal occupancy (Supplementary Fig. 2) . However, the R p isomer is shifted away from the active site by 2.1 Å (Supplementary Fig. 2b ). Only the S p isomer is in the proper orientation to coordinate key active site residues: N174, Y171, H309 and the nucleophilic water. Therefore, the subsequent description focuses on the structure with the S p isomer.
The identity of the nucleophile during APE1-mediated cleavage is uncertain. Here we have captured the requisite structural snapshots to identify key catalytic groups involved in APE1 backbone incision (detailed view of the active site with substrate DNA containing the S p isomer of O-methyl phosphorothioate in Fig. 4) . The AP-site backbone oxygen (O5′) is coordinated to N174, whereas Y171 and H309 coordinate the nonbridging oxygen and sulfur, respectively (Fig. 4b) . These contacts stabilize the active position of the AP site and are observed in both the product and substrate complexes. The high resolution of our structure allows identification of a water molecule in position to act as the nucleophile (Fig. 4b) . This well-ordered water is coordinated by the nonbridging oxygen and sulfur atoms of the backbone phosphate positioning the water 2.8 Å from the a r t i c l e s phosphorous atom (Fig. 4c) . N212 and D210 oxygen atoms come within hydrogen-bonding distance of the nucleophilic water molecule. In this orientation, D210 (OD1) both is posed to activate the water for nucleophilic attack and comes within hydrogen-bonding distance of N68. Additionally, D210 (OD2) is within hydrogen-bonding distance of N212 (backbone nitrogen). This hydrogen-bonding network probably alters the pK a of D210, thereby facilitating attack of the nucleophilic water (Fig. 4c) .
The substrate complex lacks a clearly identifiable metal ion within the active site even with MgCl 2 present during crystallization. This is consistent with previous structural snapshots indicating high disorder for Mg 2+ within the active site 26 . It has previously been shown that APE1 is a metal-dependent enzyme, but the identity of the metalbinding site(s) and the number of metal ions required for catalysis remain controversial 13, 18, 26 . To provide insight into the role of metal ions during catalysis, we briefly soaked the O-methyl-phosphorothioate substrate crystals in a cryosolution containing MnCl 2 in an equimolar concentration to MgCl 2 ( Table 1 ) and determined the 1.8-Å substrate complex with both the nucleophilic water and Mn 2+ ion bound within the active site (Fig. 4d) . We verified the presence of Mn 2+ by its anomalous signal (Supplementary Fig. 3a) . This Mn 2+ coordinates D308, E96, D70 and three water molecules (Fig. 4d) . One of these coordinating water molecules is within hydrogen-bonding distance to the nonbridging sulfur. This positions Mn 2+ only 2.7 Å from the location of the metal in the product structure (Supplementary Fig. 3c ). Overlaying the metal-bound and metal-free substrate complexes indicated that E96 and D70 shift 1.2 and 1.9 Å, respectively, upon metal binding, (Supplementary Fig. 3b) . The nucleophilic water remains in the same position in both substrate complexes and is located 7 Å from Mn 2+ . The position of this metal-binding pocket near the site of cleavage probably facilitates catalysis and stabilizes reaction intermediates after bond breakage.
APE1 processing an AP site with a 5′ mismatch
The presence of a mismatch 5′ to the AP-site lesion has been shown to dramatically reduce the catalytic activity of APE1 (refs. 29,30) . A biologically relevant mismatch that APE1 may encounter during BER is a T-G mispair arising from deamination of the epigenetic marker 5-methylcytosine in CpG dinucleotide repeats in which the guanine [31] [32] [33] [34] . Previous kinetic studies have shown that a 5′ T-G mismatch reduces AP-site incision by ~5,400-fold 35 . Currently, the molecular basis for this reduction remains unclear. To probe this catalytic defect, we characterized a catalytically dead double-mutant enzyme (E96Q D210N) in combination with a natural DNA substrate containing a T-G mismatch 5′ to the AP-site lesion 36 . The resulting crystal diffracted to 1.8 Å and showed APE1 bound to substrate DNA in a similar global conformation as that observed with correctly base-paired DNA and wild-type APE1 ( Table 1) . Overlaying the wild-type substrate complex with the double mutant provided insight into how this enzyme binds DNA with similar affinity but is unable to incise an AP site. The Q96, N68 and N210 residues form a catalytically dead triad by undergoing moderate rotameric shifts to hydrogen-bond with one another (Supplementary Fig. 4 ). This prevents E96Q from coordinating the metal, because NE2 is pointed toward the metal-binding pocket, and OE1 coordinates ND2 of N68. A similar phenomenon occurs with the N210 substitution. N210 (ND2) coordinates OD1 of N68, thus resulting in ND2 coordinating the nucleophilic water molecule. The nucleophilic water molecule is in the same location as observed with the phosphorothioate substrate complex but is unable to be activated by N210 (Supplementary Fig. 4b ). This combination prevents APE1 from cleaving DNA, thus validating that the substrate contacts observed in the phosphorothioate complex are not artifacts of the modified DNA. A close-up view of the active site shows the T-G mispair being accommodated in the substrate complex by forming either a wobble or Watson-Crick (WC)-like mismatch within a single structural snapshot (Fig. 5a-c) . This conformer is probably not active, because the backbone phosphate is shifted 1.8 Å out of the active site (Fig. 5a) . In contrast, the WC-like mismatch is formed through either an ionic or tautomeric interaction between the bases (Fig. 5c) . The WC-like mismatch represents the active conformer because the phosphate backbone remains within the active site (Fig. 5a) . In this active conformer, the nucleophilic water is 2.5 Å from the phosphate and only 2.7 and 2.5 Å from its nonbridging oxygens (Fig. 5d) . In addition, key active site contacts with Y171 and N174 are not within a stable hydrogen-bonding distance of the phosphate backbone (Fig. 5d) . The loss of these contacts and alternate conformers of the T-G mispair reduce the cleavage activity of APE1. To capture the product state, we used wildtype APE1 to form the product complex containing a 5′-T-G mispair ( Table 1) . We observed density corresponding only to the product complex after cleavage (Fig. 6a) npg a r t i c l e s N174, Y171, D210, N212 and H309 are maintained in the product complex (Fig. 6b) . The phosphate backbone also coordinates a single Mg 2+ . E96 and three water molecules that are coordinated by D70 and D308 coordinate this Mg 2+ . In this complex, in contrast to the substrate complex, the T-G mispair adopts only a wobble base upon cleavage of the phosphate backbone (Fig. 6c) . This wobble base-pair conformation results in a 3.0-Å shift of O3′ compared to the product complex without a mismatch (Fig. 6d) , thereby removing O3′ from the active site Mg 2+ coordination sphere in the product-mismatch complex (Fig. 6b) . The shift to wobble base-pairing indicates that the strain within the active site is not relieved until backbone incision.
DISCUSSION
APE1 has been implicated in a number of critical biological pathways such as BER, RNA cleavage, 3′-end processing, redox regulation, cell proliferation and nucleotide incision repair [37] [38] [39] [40] [41] [42] . In agreement with a critical biological role for this enzyme, mouse model studies have indicated that APE1 gene deletion is embryonic lethal 43 . Even subtle APE1 point mutations or alterations in expression levels have been associated with the development of cancer, aging and cardiovascular and neurological diseases 44, 45 . Some aggressive cancers show increased expression of APE1, which is presumed to protect metabolically active cancer cells from the high level of reactive oxygen species during enhanced oxidative phosphorylation 46 . This protective effect has resulted in APE1's emergence as a therapeutic drug target to reduce enzymatic activity during chemotherapy 41 . The lack of APE1 active site structural detail has resulted in mechanistic ambiguity 11, 14, 15 . The prechemistry structures reported here indicate that a water molecule is in position for an inline nucleophilic attack in all three substrate complexes, even with mutant APE1 or modified DNA. This location is similar to that of an ordered water molecule previously reported in an apoenzyme APE1 structure 26 ; thus, this water-binding site exists before DNA binding. Development of the transition state appears to involve the enzyme molding the DNA substrate into the active site, thus positioning the AP site near this ordered active site water (Fig. 7a) . This water is in close contact with both D210 and N212, and it can thus share protons with these hydrogen-bond acceptors. The lone electron pairs of the water are illustrated (Fig. 7a) with an orientation avoiding a clash with the nonbridging phosphate oxygens. Instead, these electron pairs are in position to conduct an inline nucleophilic attack on the phosphate (Fig. 7a) . This attack is facilitated by charge neutralization afforded by two hydrogen bonds to the phosphate nonbridging oxygens from Y171 and H309. Importantly, this water molecule is in position to directly donate a proton to D210 but not H309, as proposed previously 14, 24 . N212 also plays a key part in coordinating the nucleophilic water, in agreement with the dramatic loss of activity with the N212A mutant 47 . The position of this water is similar to that observed with other nucleases such as TDP2 (ref. 48) , endonuclease IV (Nfo) 18 and the Neisseria meningitides APE1 (ref. 49) . As with APE1, these nucleases use side chain contacts that facilitate cleavage of the DNA backbone by hydrogen-bonding to a water molecule.
It has previously been postulated that APE1 uses a single divalent metal, on the basis of an incised product complex and apoenzyme crystal structures that showed a single metal ion coordinated by E96 (site A) 11, 26, 50 . A second metal-binding site (site B) has been identified by using lead as a cofactor, but the role of this site has been unclear 12 . Our metal-bound substrate complex includes all the necessary atoms to support catalysis and is consistent with a single-metal-ion mechanism with a single metal near site A. This binding site is similar to that observed with the apoenzyme crystal structure (Supplementary Fig. 5a ). An overlay of this structure with the lead-bound apoenzyme APE1 indicates that site B is the nucleophilic-water site, thus explaining why lead inhibits catalysis by displacing the nucleophilic water (Supplementary Fig. 5b ). It is also not surprising that lead would occupy this water-binding site, because lead and water have similar coordination spheres. Computational studies have proposed a movingmetal hypothesis that involves metal binding at both sites 13, 17 . The reported structures suggest that this is unlikely, because there is a lack of space in the ground-state structure to accommodate both a nucleophilic water molecule and a metal in site B. Our results indicate a single metal at site A that repositions itself to coordinate the leaving-group oxygens of the scissile bond upon formation of the transition state ( Supplementary Fig. 3c and Fig. 7b) . In this scenario, the metal mediates the developing negative charge in the active site and promotes the formation of product after nucleophilic attack.
Together, our structural snapshots are consistent with the mechanistic features outlined in Figure 7b . In the ground state, the AP site is flipped into the active site, thus positioning the phosphate backbone 5′ at the AP site for cleavage. A single metal is bound to D70, D96 and a water molecule that contacts the nonbridging oxygen of the phosphate. The nucleophilic water is positioned for an inline attack on the phosphorus atom through short hydrogen-bonding interactions with N212 and D210. These short hydrogen bonds combined with the proximity (2.8 Å) of the water oxygen to the phosphorus suggest that a formal oxyanion may not be required for nucleophilic attack (Fig. 7b) npg nonbridging oxygen and the leaving-group oxygen that becomes O3′. During or immediately after cleavage, the proton from the nucleophilic water molecule is transferred to D210 and is subsequently released to solvent. The final product state results in a 5′-sugar phosphate and 3′-hydroxyl that are coordinated by Mg 2+ , N174, D70, E96, H309, Y171 and N212. N212 rotates, thereby providing a hydrogen-bond donor and stabilizing the product state. The interactions observed here appear to be fundamental to catalysis, because alterations that eliminate each of these interactions strongly diminish catalytic activity. The epigenetic control of gene expression occurs in tracts of CpG dinucleotides through the methylation of cytosine to form 5-methylcytosine 51 . In mammalian promoters containing CpG tracts, 70-80% of the cytosines undergo methylation 32 . These modified 5-methylcytosine residues will often undergo spontaneous deamination to thymine, which forms a T-G mispair within CpG islands 33 . In addition, the neighboring guanine in CpG tracts is susceptible to oxidative DNA damage such as 8-oxo-7,8-dihydroguanine (8-oxoG) 52 . These hotspots for DNA lesions result in tandem modifications of CpG islands that alter the epigenetic status of cells. The repair of 8-oxoG in CpG islands occurs through DNA glycosylase-initiated BER, in which the oxidized guanine is removed, and APE1 processes the resulting AP site. In this situation, APE1 may encounter a 5′ flanking T-G mispair that has arisen from 5-methylcytosine deamination, thus drastically reducing the APE1 catalytic rate 35 . With the reference structures described here, we can now assess the catalytic repercussions of DNA abnormalities encountered by APE1 in the context of an adjacent T-G mismatch.
Base-pairing interactions in DNA can occur through wobble basepairing, rare tautomers or anionic forms of the nucleobases. These alternative base-pairing interactions are believed to contribute to spontaneous mutations and translation errors, but they have been difficult to characterize structurally. Previous structural work has described alternative base-pairing interactions within duplex DNA and DNA polymerase active sites [53] [54] [55] . The structures captured here indicate the mispair shifts between the wobble and a WC-like geometry conformer within the APE1 active site (Fig. 5) . Notably, only the WC-like mismatch is aligned for catalysis by contacting key active site residues (Fig. 5d) . This implies that the wobble conformer results in a nonproductive complex that cannot undergo cleavage, in agreement with the reduction in the overall catalytic rate. In contrast, the product complex relieves the strain imposed by the WC-like mismatch by shifting solely to the wobble conformer (Fig. 6) . The substrate and product structures together imply that the enzyme and DNA undergo a 'tug of war': APE1 tries to sculpt the AP site into the active site by favoring a WC-like mismatch, whereas the DNA favors the wobble conformer. This tug of war between protein and DNA highlights the strain that APE1 places on the DNA, thereby precisely positioning the phosphate backbone with the nucleophilic water and metal ion before cleavage.
The observation that a 5′-flanking mismatch reduces APE1 activity, owing to decreased strain provides an important mechanistic detail. Previous structures have used ideal substrates and products to characterize APE1 binding to DNA. In these structures, the WC base-pairing interaction is maintained, and the AP site is kinked and forced into the active site. By using the T-G mismatch, we observed multiple conformers of substrate that indicate that the system undergoes strain while inserting the phosphate backbone into the active site. This is consistent with the rigid platform that APE1 provides upon binding the DNA and the need to precisely position the DNA into the active site; this mechanism is in contrast to those of enzymes that undergo conformational changes to accommodate DNA. This mechanism optimizes APE1 for correctly base-paired DNA flanking the AP site, and DNA abnormalities reduce the rate of incision. Because APE1 must deal with AP sites in a large number of DNA contexts, it may have evolved a rapid incision rate to provide a kinetic buffer to overcome situations in which it must incise an AP site in a less than ideal situation.
Given the high number of AP sites in the genome, it is essential that they be rapidly processed to maintain genomic integrity. The rapid APE1 incision rate is facilitated by use of water as a nucleophile and a preformed metal-binding site to stabilize the developing charge during the course of the reaction. However, incision generates a cytotoxic DNA break that could lead to chromosomal rearrangements. To prevent this, APE1 has evolved a slow product-release step that enables channeling to other DNA-repair enzymes 56 .
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. Coordinates and structure factors have been deposited in the Protein Data Bank under accession codes 5DFF (product complex), 5DFI (phosphorothioate substrate complex), 5DFJ (E96Q D210N mismatch substrate complex), 5DFH (mismatch product complex) and 5DG0 (phosphorothioate substrate complex with Mn 2+ ).
